Abstract: A simple and controllable method is proposed to fabricate suspended three-dimensional carbon microelectromechanical systems (C-MEMS) structures by tailoring diffraction-induced light distribution in photolithography process. An optical model is set up and the corresponding affecting parameters are analyzed to interpret and predict the formation of suspended structures based on Fresnel diffraction theory. It is identified that mask pattern dimensions, gap distance between the photomask and photoresist, and the exposure time are critical to the final suspended structures, which have also been verified through experimental demonstrations. The fabricated biocompatible suspended C-MEMS structures could find wide applications in electrochemical and biological areas.
Introduction
Recently, three-dimensional (3D) C-MEMS structures consisting of high aspect-ratio carbon microelectrodes have drawn much attention due to their good mechanical, electrical, electrochemical properties and excellent biocompatibility [1] [2] [3] . These microelectrodes derived from thick photoresist can be used for various miniaturized carbon-based devices such as micro-batteries, super-capacitors and biosensors [4] [5] [6] .
The fabrication process of C-MEMS structures with high aspect-ratio mainly includes two steps, lithography and pyrolysis process, where thick photoresist micropatterns created in lithography process are transformed into amorphous glassylike carbon microstructures under high temperature and inert atmosphere. The lithography process as a mature fabrication technique has been widely studied both experimentally and theoretically [7] . Optical simulations of diffraction effects for the lithography process has been shown that maskinduced diffraction effects may affect the accuracy of micropatterns [8] . Investigations have also been conducted to reduce diffraction-induced negative effects such as avoiding negatively sloped sidewall profiles of 3D micropatterns in the lithography of SU-8 photoresist [9] [10] [11] . It was shown that smaller and uniform gap between photomask and the photoresist could reduce the diffraction-induced error [12] . Meanwhile, suspended carbon microstructures have been observed through extended exposure duration in the lithography [1, 13] , which could be due to the diffraction effects. However the underlying formation mechanism of the suspended structure has not been explored yet.
On the other hand, it was reported that suspended structures are free of any intermolecular or surface interactions with the substrate, which can be used for mechnical, electrical, and electrochemical measurements or the development of carbon-based novel microdevices [1, [14] [15] [16] [17] . It has been reported that suspended structures could be obtained through E-beam writer, diffuser lithography and interference lithography followed by pyrolysis process [14] [15] [16] . In present study, we report our efforts to develop a simple, low-cost and controllable method to fabricate suspended C-MEMS structures. The process is developed by taking advantage of diffraction effects, which were usually tried to be avoided in conventional lithography process. Firstly, an optical model based on Fresnel diffraction theory will be set up for lithography process. Then, critical mask design and process paramters will be identified through simulation to predict the formation of suspended structures. The fabrication experiments of various suspended structures will be conducted to verify the theoretical analysis. In the end, a controllable methodology will be proposed for the fabrication of suspended C-MEMS structures.
Optical modeling and simulation

The optical model in UV lithography
During the lithography process, exposure process and photomask will define the final patterns. Therefore, we establish a model based on Fresnel diffraction resulted from the air gap between the photomask and photoresist to simulate the light intensity distribution on the top surface of photoresist in exposure process. In Fig. 1(a) , a typical mask design is schematically shown for the fabrication of micropost arrays with negative photoresist, where a and d are the diameter of aperture and center distance between two apertures respectively. In Fig. 1(b) , the schematic drawing of light propogation in lithography process is presented, where the mask is illuminated with a vertically incident plane wave at the wavelength of 365 nm. The light source is designed to provide uniform monochromatic illumination over the entire mask object. E(P 1 ) is the light wave amplitude at point P 1 on the mask and E(P 1 ) is constant. The incident light is completely coherent. In our simulation, the incident light intensity is 5 mW/cm 2 according to the experiment condition. The distance between the photomask and the photoresist is several microns for proximity lithography. In Fig. 1(c) , a 3-dimensional coordinate system is set up based on Fig. 1(b) . The mask plane is called as plane (x 1 , y 1 ) which means the coordinate of arbitrary point P 1 in this plane is ( x 1 , y 1 ). The surface of photoresist is called plane (x, y) and the coordinate of arbitrary point P is (x, y). We define the axis perpendicular to both plane (x 1 , y 1 ) and plane (x, y) as the axis Z. Depending on the Rayleigh-Sommerfeld diffraction formulation [18, 19] , the amplitude at point P on the top surface of photoresist is
Where 2 / k = π λ , λ is the wavelength of incident UV light, and r represents the distance between P and P 1 . θ is the angle between PP 1 and the axis Z. Domain of intergration Σ is the aperture region which can be defined by the diameter of the aperture a.
With the paraxial approximation and Fresnel approximation, Eq. (1) can be simplified as the following: 
where z 0 is the vertical distance between the photomask and the top surface of the photoresist, which means z 0 is equal to the air gap. As exp(jkz 0 ), E(P 1 ) and z 0 are constant, Eq. (2a) can be rewritten as:
As the aperture array distribution is symmetrical, we choose the typical pattern including twelve apertures as shown in Fig. 1(a) to discuss the light intensity distribution between two adjacent apertures, and apeture 1 is defined as the center aperture. Assuming that all monocharomatic waves are superposed at some point P, the electromagnetic field at point P is:
And the light intensity distribution on top surface of the photoresist can be expressed as:
The energy threshold model
The total energy applied on the top surface of the photoresist is ( , ) E I x y t = × (5) Where t is exposure time. Here, to release the reaction in the photoresist, a reactive energy E 0 is necessary, which is strongly dependent on the properties of photoresist.
If E≥E 0 , photoresist will get enough energy to release the reaction and become a solid form.
If E≤E 0 , the photoresit will be removed in development process. The key in the fabrication of suspended C-MEMS structures is the Fresnel diffraction that gives more energy to the outskirt of mask patterns. In normal exposure time, the light intensity distribution caused by the diffraction effects is generally weak, which means E is usually less than E 0 . Through the increase of exposure time, the surface layer of the photoresist outside the aperture absorbs enough energy from diffraction light to overcome the threshold E 0 and react into solid state. As described by Gaudet et al, the absorption of thickfilms of the negative photoresist SU-8 is strong during photolithographic exposure by UV light (365 nm) [20] . Their study results show that the SU-8 becoming more absorbing as the exposure time increases, which means that small light energy E brought by diffraction effects will be absorbed only by the surface layer of the SU-8 even if overexposure were applied to the SU-8 photoresist.
In the following paragraph, we will analyze the factors affecting the light intensity distribution through simulation. 
Light intensity distribution simulation
Numerical simulations are conducted to study the effects of various paramters on light intensity distribution on the top surface of photoresist. According to Eq. (2-4), the intensity distribution can be obtained by choosing air gap and mask pattern dimensions. As shown in Fig. 2(a) , 3D light intensity distribution pattern on the top surface of photoresist is illustrated, where the air gap is 300 µm, the diameter of apertures a is 20 µm, and the center distance d is 40 µm. Figure 2(b) shows the top view of Fig. 2(a) , demonstrating that the diffraction effects lead to light intensity distribution outside the mask window as region A and region B indicated, while region C shows the light distribution from the aperture. Comparing with region B, region A has a stronger and more continuous light intensity distribution. In this situation, the light intensity of region A is around 0.2 to 1.0 mW/cm 2 , region B is 0 to 0.4 mW/cm 2 and region C is 1 to 20 mW/cm 2 . After exposure, region C absorbs enough energy to form the post. The energy at region A could be only absorbed by the surface layer completely due to the relatively week intensity, and thus to ensure the top layer preserved during development to form suspended ribbon. The region B having isolated "islands" in energy distribution will be removed after development. In order to analyze the effects of air gap and mask patterns on the light intensity distribution, we intercept the light intensity distribution between two neighboring apertures. In this simulation the mask pattern is fixed with the a of 20 µm and the d of 40 µm. As shown in Fig. 3(a) , various intensity distribution patterns on the top surface of photoresist depending on the air gap are schematically illustrated. Figure 3(b) is the partial enlargement of Fig. 3(a) between the neighboring mask edges shown from −10 µm to 10 µm. The average intensity between two mask edges is also shown in Fig. 3(b) , which is calculated by the following formula: 
It can be observed from the magnified view in Fig. 3(b) , the intensity distribution curve between two mask edges shows an obvious trend: Light intensity between two neighboring edges increases with the increasing of gap diatance in general. And this can also be confirmed by the comparison of average intensity between the neighboring mask edges. When z 0 is 300 um, the average intensity is 0.3715 mW/ cm −2 , showing a great increase compared to the average value of 0.2567 mW/cm −2 at the air gap of 100 µm. It is suggested that the suspended structures appear easier with the increasing gap size. Fig. 3. (a) . Simulated light intensity distribution patterns on the top surface of photoresist depending on air gap; (b). Partial enlargement of Fig. 3(a) with the comparision of average intensity between two mask edges. Figure 4 shows the average intensity between two mask edges depending on the edge-toedge distance (d-a) with a fixed diameter. The average intensity shows a declined trend with the increasing of the edge-to-edge distance. It is suggested that the suspended structures appear easier as we decrease the edge-to-edge distance in the mask design. As in the same edge-to-edge distance, the average intensity gets larger with the increasing of air gap, which also confirms the simulated results shown in Fig. 3 . Fig. 4 . The average light intensity between two neighboring mask edges depending on edge-toedge distance at different air gaps and a fixed diameter a.
Experimental results and discussions
Experimental details
Two types of mask are designed with different aperature diameter a and center-to-center distance d, where one type is with the a of 30 µm and d of 50 µm, and the other is with the a of 20 µm and d of 40 µm. Typical lithography process for SU-8 (GM1075) was described in many literaures [1, 13] , and the process parameters are followed with the material's recommendations. The exposure is performed by a Karl Suss MA-6 mask aligner under UV light (365 nm) at the light intensity of 5 mW/cm 2 . During the exposure, the air gap between the mask and the photoresist surface is adjusted to investigate the effect of gap distance on the formation of suspended structures. The exposure duration is also adjusted to explore the effects of exposure time on the formed structures. We have conducted the experiments with different air gaps of 0, 50 µm, 150 µm and 300 µm respectively, and the exposure duration has been controlled to be 80 s, 100 s, 120 s, 150 s, 180 s and 200 s respectively. The conversion of photoresist pattern into glassy-like carbon pattern has been realized in a quartz furnace following a typical two-step pyrolysis process [13] . The samples are characterized by Scanning Electron Microscope (SEM), and the results are presented in the following. Figure 5 shows the SEM photographs of samples resulted from the gap distance of 0, 50 µm, 150 µm and 300 µm respectively with the fixed exposure time of 120 s, where the mask is with the a of 30 µm and the d of 50 µm. Figure 5 (a) exhibits conventional SU-8 pillars, while Fig. 5(b) shows the slight connection between two pillars. Obvious suspended structure appeares with the gap distance of 150 µm as shown in Fig. 5(c) , in which ununiformity and fracture still exist. When the gap distance is increased to 300 µm, extraordinary uniform and regular suspended structure is obtained as shown in Fig. 5(d) . It can be interpreted that suspended structure would be easier to be created with larger air gap distance, which is in consistent with the theoretical analysis and simulation results presented previousely. Comparing with a typical exposure time of 80 s, the exposure duration of 120 s gives more energy to the photoresist out of the mask edge. Larger air gap will increase the diffraction effects, leading to the increase of the light intensity out of the mask window. The enough enegy absorbed by the surface layer of photoresist will initate the reaction of photoresist out of the mask window to form suspended structures. As we keep increasing the exposure time, it exhibits suspended network structures that each pillar is connected with the surrounding pillars in a more stable way. It is obvious that increasing exposure time exhibits suspended networks with larger connecting width and thickness, which can form the complete suspended film in the end as shown in Fig. 6(g) . From Fig. 6 , we can also observe that the thickness and width of the ribbon decrease all the way from edge of the pillars to the center of egde-to-edge. The results are also in consistent with the previous theoretical predictions. The energy threshold can be met through prolonged exposure time as long as the existence of the diffraction effects during the lithography process, where longer exposure time gives more applied energy to the photoresist out of mask window edge to release the reaction of the surface. Comparing Fig. 5(d) (the aperture diamter of 30 µm) with Fig. 6(c) (the aperature diamter of 20 µm), the suspended ribbon width is increased with the decrease of the diamter at the same air gap, exposure time and edge-toedge distance.
Results and discussion
Due to the large air gap and small diameter of the apertures, the superposed intensity distribution of diffraction effects is perfect for the formation of suspended networks. Significant longer exposure time offers enough energy to form suspended patterns, since the energy brought by diffraction effects can just be absorbed only by the surface layer and overcome the energy threshold. Unexposed photoresist and photoresist under surface layer are taken away during the development. In a word, after getting a perfect intensity distribution through a good combination of air gap and mask patterns, prolonged exposure is the key factor to create the suspended structures. show typical suspended network structures before and after pyrolysis respectively. During pyrolysis, the non-carbon species in the resist polymer backbone are removed, while the bulk of the carbon remains. The patterned structures undergo significant shrinkage, but remarkably maintain their morphology and adhesion to the substrate. The structure in Fig. 7(a) is created by the exposure time of 100 s with the air gap of 300 µm and followed by shaking the developer in one-direction to crack of photoresist ribbon in the same direction during the development process. The carbon ribbon fibers obtained through uniform shrinkage in pyrolysis process is submicron as shown in Fig. 7(b) with a amplified view. Through the control of exposure time, the size of suspended carbon fibers can be controlled, however, its thickness is decreasing all the way from edge of the pillars to the egde-to-edge center. The phenomenon might be due to that the initial SU-8 pattern is in the silimar shape and the pattern is further enhanced by pyrolysis-induced shrinkage. These suspended carbon structures will offer new design platforms in the development of novel energy or sensing devices and systems since the suspended structure can be used as interconnects or integration components between high aspect-ratio carbon electrodes. 
Conclusion
A simple and controllable approach for fabricating suspended C-MEMS has been developed by tailoring diffraction-induced light distribution. An optical model based on diffraction effects is set up to simulate the thick photoresist lithography process, which can be used to intepret the formation mechansim of suspended structures. Simulation results indicate that the mask pattern dimensions and gap distance are key factors affecting the light intensity distribution on the top surface of the photoresist induced by diffraction effects. By controlling the prolonged exposure time, the gap distance and proper mask design, various suspended micropatterns can be obtained, which are in consistent with the theoretical predictions. These fabricated photoresist patterns can be converted into suspended C-MEMS through pyrolysis for a variety of energy and sensing applications.
